Microsomal membrane preparations from maize (Zea mays L., inbred A636) endosperm cultures contained enzymes that transferred sugar moieties from uridine diphosphate-N-acetylglucosamine, guanosine diphosphate-mannose, and uridine diphosphate-glucose to dolichol-phosphate. These enzyme activities were characterized with respect to detergent and pH optima, substrate kinetic constants, and product and antibiotic inhibition constants. It was demonstrated by mild acid hydrolysis and high performance liquid chromatography that the products of the N-acetylglucosamine transferases were N-acetylglucosamine-pyrophosphoryl-dolichol and N,N'-diacetyl-chitobiosyl-pyrophosphoryl-dolichol and that the product of the mannose transferase was mannosyl-phosphoryl-dolichol. A large proportion of the products of the glucose transferase activity was stable to mild acid hydrolysis. However, the proportion that was labile was identified as glucosyl-phosphoryl-dolichol. Rate zonal sedimentation and isopycnic banding in linear sucrose density gradients in the presence of 1 millimolar ethylenediaminetetraacetic acid indicated that the glycosyltransferase activities were located in the endoplasmic reticulum. The glycosyltransferases were not solubilized by 500 millimolar KCI or by sequential washes with tris-(hydroxymethyl)aminomethane and water, treatments that release peripheral membrane proteins. Solubilization was achieved with low concentrations of Triton X-100. When sealed microsomal vesicles were incubated with trypsin for 30 minutes in absence of detergent, the activity of N-acetylglucosaminyl-transferase was substantially reduced, while the activity of the glucosyl-transferase was somewhat reduced. Activity of the mannosyl-transferase was resistant to inactivation by incubation with trypsin unless Triton was present.
dolichol (24) .
Studies with mammalian cells and yeast (16, 32) have shown that the enzymes of the dolichol cycle are associated with the ER. The assembly of Man,GlcNAc2-PP-dolichol is thought to take place on the cytoplasmic surface of the ER. Subsequently, this oligosaccharide is translocated to the lumen of the ER where additional Man-and Glc-residues are transferred from lipid-carriers, forming the final tetradeccasaccharide-PP-lipid (21, 33) . The oligosaccharide is then transferred en bloc from the lipid carrier to the nascent polypeptide in a cotranslational event (21) . The first steps of oligosaccharide processing (e.g. removal of terminal glucose residues and, in mammalian cells, at least one mannose residue) also occur within the ER (16) . Subsequent steps of oligosaccharide processing and maturation take place in the Golgi apparatus and vacuoles Maize endosperm cells cultured in vitro secrete acid hydrolases into the culture medium (27) . All of the hydrolases appear to be glycoproteins. These cells offer an excellent system with which to examine protein glycosylation and its potential role in the secretory process. As an initial step we have characterized the NDP2-glycose: dolichol-P glycosyltransferases and determined their subcellular localization.
MATERIALS AND METHODS
Reagents. New England Nuclear3 provided the radioisotopes UDP- [6-3H] GlcNAc (20.4 Ci/mmol), GDP-[1-3H]mannose (10.9 Ci/mmol), and UDP- [1-3H] glucose (10.4 Ci/mmol). Dolicholphosphate, unlabeled sugar nucleotides, BSA, trypsin, soybean trypsin-inhibitor, and tunicamycin were from the Sigma Chemical Company. Buffers were from Research Organics, Inc. Sepharose-4B was from Pharmacia. Genzyme Corporation supplied the (+ )-1-deoxynojirimycin. Ecoscint scintillation fluid was from Research Diagnostics. BioRad supplied the reagents for protein quantitation. All materials were of the highest grade commercially available.
Tissue Culture. The suspension cultures were originally derived from 6-to 10-d-old maize (Zea mays L., inbred A636) endosperm. The medium, culture conditions, and transfer regime have been previously described (27) . Enzyme Assays. Glucan synthetase I and IDPase were assayed by the method of Green (13) . To determine the latent increment in IDPase activity, the initial enzyme activity was subtracted from the total activity after 3 d of storage at 4°C (28) . Other marker enzymes were assayed by established procedures (26) .
Glycosyltransferase activites were assayed by measuring the conversion of radioactive sugars from nucleoside diphosphate-sugars into products soluble in chloroform:methanol 2:1, v/v). Solvent was removed from 20 ,g of dolichol-P by evaporation with a stream of N2-gas. A solution (450 Al final volume) containing 0.015% Triton X-100, 50 mM TES (pH 7.0), 10 mM MgCl2 plus 50 or 100 Al of membrane preparation was added. Reaction was initiated by addition of 50 ,u of 60 ,mM NDP-sugar (200,000 dpm). After mixing, the assays were conducted at 30°C. Under these assay conditions, the reactions were linear for at least 20 min. Reactions were stopped by the addition of 2.5 ml chloroform:methanol (2:1) and, after mixing, the lower organic phase was removed. The aqueous phase was reextracted, the combined organic phases were pooled and washed with chloroform: methanol:H2O (3:48:47, v/v/v), then the lower organic phase was removed for liquid scintillation spectrometry. When inhibitors of the enzyme activities were tested, they were preincubated in the assay mixture for 1 min prior to addition of the NDP-sugar. It was necessary to add 2 mm DTT and 20 /LM deoxynojirimycin to assay mixtures in order to reliably assay Glc-transferase activity.
Product Analysis. Mild acid hydrolysis of the products of the glycosyl transferase reactions was performed after pooling the washed chloroform:methanol 2:1 fractions from four separate reaction mixtures. One ml was removed for scintillation counting. The remaining extract was dried under a stream of N2, dissolved in 1 ml 10 mm HCl in 50% propanol, and then incubated at 100°C for 20 min. After cooling, the hydrolysate was mixed with 1 ml chloroform, and the phases were separated before removal of aliquots for scintillation counting. The aqueous phase after mild hydrolysis was further analyzed by HPLC with a Bio-Rad Sugar-Pak I column at 90°C, using 0.1 mm CaNa2-EDTA as the mobile phase, at a flow rate of 0.5 ml min-'.
Homogenization and Centrifugation. Culture medium was removed by filtration through two discs of Whatman No. 1 paper under reduced pressure. The tissue was then washed with 60 mm sucrose containing 50 mM CaCl2. Fifteen g fresh weight of tissue, 10 to 14 d after transfer, was gently homogenized for 5 min with a mortar and pestle in 30 ml of ice-cold homogenization buffer consisting of 100 mM TES (pH 7.5), 1 mM EDTA, 500 mM sucrose, and 0.1% (w/v) BSA. All further manipulations were at 0 to 4°C. The homogenate was filtered through 2 layers of cheesecloth, and the filtrate was centrifuged for 10 min at 2,000g (all g-forces were determined from rmax values of the respective rotors) using a JS-13.1 rotor in a Beckman J2-21 centrifuge. The resulting pellet was discarded, and the supernatant was further centrifuged for 10 min at 10,000g. The resulting membrane pellet was carefully resuspended in a small volume of homogenization buffer, and the supernatant was further centrifuged for 1 h at 100,000g using an SW-28 rotor in a Beckman L8-70M preparative ultracentrifuge. The supernatant was removed and saved, and the resulting microsomal membrane pellet was carefully resuspended in a small volume of homogenization buffer.
Organelle Isolation. Ten ml of 2,000g supernatant was loaded onto a 1.6 x 20 cm column of Sepharose-4B (17), equilibrated, and run with homogenization buffer as the mobile phase. Twoml fractions were collected and assayed. The turbid vesicle-containing fractions eluting in the void volume were combined and layered over a 24-ml linear gradient of 20 to 50% (w/w) sucrose in 50 mM TES (pH 7.5), 2 mM DTT, 1 mm EDTA, and 0.1% BSA, over a 2-ml cushion of 60% (w/w) sucrose. Gradients were centrifuged for 14 h at 70,000g in an SW-28 rotor. One-ml fractions were collected and analyzed.
Topographical Orientation of the Glycosyl-Transferases. Rough microsomal membrane vesicles, prepared wth homogenization buffer containing 1 mM MgCl2 in place of the EDTA, were resuspended in homogenization buffer at a final protein concentration of 2.5 mg ml-1. Three-ml aliquots were placed into each of two test tubes. Triton X-100 was added to one tube to a final concentration of 0.01%. After brief mixing, trypsin was added to each tube to a final concentration of 30 Ag mg protein-'. The tubes were incubated on ice and aliquots were removed at the indicated times. A 10-fold excess of soybean trypsin inhibitor was immediately added to each aliquot prior to assay of enzyme activity. In parallel with the isolation of microsomal vesicles for enzyme assays, a tissue sample was homogenized in the presence of 10 ,uCi of 3H-inulin. Some of the inulin was entrapped during the formation of vesicles by fragmentation of the endomembrane network. Release of radioactivity from the vesicles can serve as a sensitive measure of membrane integrity during in vitro proteolysis. After treatment, the vesicles were sedimented in the ultracentrifuge, and the proportion of radioactivity in the supernatant and pellet was quantitated by liquid scintillation spectrometry. Treatment of the vesicles with Triton X-100 released all of the entrapped inulin. Using this method, it was found that stability of the isolated maize vesicles during in vitro manipulation was always greater than 90%.
Enzyme Solubilization. Microsomal membrane fractions were resuspended in 100 mm TES (pH 7.5). One-ml aliquots (1.5 mg membrane protein) were placed into centrifuge tubes, and Triton X-100 or KCl was added to the indicated final concentrations. The tubes were gently shaken on ice for 20 min. Membranes were subsequently pelleted by centrifugation at 200,000g using a TLA-100.2 rotor in a Beckman TL-100 ultracentrifuge. Membrane pellets were resuspended in buffer prior to assaying for enzyme activity.
Other Analytical Methods. Sucrose concentrations were measured with a Bausch and Lomb refractometer. Absorbance at 280 nm was measured spectrophotometrically using 100 Al aliquots plus 900 Al H20. Protein was quantitated by the method of Bradford (2), using bovine y-globulin as the standard. Ecoscint scintillation fluid and the dpm program of a TM Analytic Mark III liquid scintillation spectrometer were used for measurement of radioactivity. Analysis of enzyme kinetic data was by the method of Garland and Dennis (12) , which employs iterative curve fitting by nonlinear regression.
RESULTS
Characterstics of the glycosyltransferase were determined from total microsomal membrane preparations from maize endosperm suspension cultures (Table I ). The pH optima of all three enzyme activities were near 7. The Km values for nucleoside diphosphate sugars were in the micromolar range. Divalent cations, with Mg2+ > Mn2 + >> Ca2 + > Co2 + > Zn22, were required for maximal activities of all three enzymes. The Km values for dolichol-P were in the Ag/ml range (dolichol is a mixture of homologs of slightly different size, requiring the expression of Km values in mass rather than in molar concentration). A detergent was also required for maximal transferase activities. Optima for Triton X-100 were from 0.01 to 0.015%.
The antibiotic tunicamycin (commercial tunicamycin is also a mixture of homologs) was a potent inhibitor of the incorporation of GlcNAc into glycolipid (Table I ). Higher concentrations of tunicamycin also inhibited the incorporation of Man and Glc into glycolipids. Uridine and guanosine nucleoside mono-and diphosphates also inhibited glycosyltransferase activities. For the GlcNAc-transferase, the Ki for UMP was lower than the Ki for UDP. In contrast, Ki values for nucleoside-diphosphates were lower than Ki values for nucleoside monophosphates for the other two transferases.
The lipid-soluble products of the GlcNAc-and Man-transferases were labile to mild acid hydrolysis (Table II) . However, a considerable proportion of the products of the Glc-transferase reaction was stable under these conditions and remained in the organic phase. The aqueous samples after mild acid hydrolysis were analyzed by HPLC in order to characterize the released Plant Physiol. Vol. 87, 1988 A balance sheet showing the distribution of marker enzyme activities, glycosyltransferase activities, and protein after ratezonal sedimentation is presented in Table III . Alcohol dehydrogenase activity was found almost exclusively in the 100,OOOg supernatant fraction. Succinate dehydrogenase activity was enriched in the 10,OOOg pellet. Catalase activity was found equally distributed between the 10,OOOg and 100,OOOg pellets and the 100,OOOg supernatant. The activities of NADH:Cyt c reductase, latent IDPase, glucan synthetase I, and the glycosyl-transferases were enriched in the 100,OOOg pellet. Co-sedimentation of the majority of the glycosyltransferase activities with NADH:Cyt c reductase, latent IDPase, and glucan synthetase I activities indicates that the glycosyltransferases were associated with the endomembrane system.
Rather than preparing a microsomal fraction by ultracentrifugation, membrane vesicles were separated from the soluble fraction by gel permeation chromatography (Fig. 1) . The activities of NADH:Cyt c reductase and Man-transferase eluted in the void volume of the column, coincident with a peak of A2,-absorbing material. Alcohol dehydrogenase activity, coincident with a second peak of A280-absorbing material, eluted within the included volume of the column.
Membrane vesicles prepared by Sepharose-4B chromatography in the presence of 1 mM EDTA were resolved by centrifugation on linear 20 to 50% sucrose gradients for 14 h at 70,000g (Fig. 2) . The first two protein peaks in the gradient correspond to peak activities of NADH:Cyt c reductase (1.11 g/cm3) and IDPase (1.13 g/cm3). The protein peaks at a density of 1.18 and 1.24 g/cm3 represent mitochondria (succinate dehydrogenase) and peroxisomes (catalase) (data not shown). Glycosyltransferase activities were coincident with the peak of antimycin Ainsensitive NADH:Cyt c reductase activity, suggesting an ER localization of these enzymes.
Microsomal membrane preparations were washed by the Triswater-Tris method of Dallner (5) to remove peripheral proteins. This washing procedure did not release the glycosyltransferase activities from the membranes, nor did incubation with 0.05 to 0.5 M KCl (data not shown). The glycosyltransferases were solubilized by Triton X-100 (Fig. 3) , however, solubilization was accompanied by a 30% loss of total (soluble + particulate) activity in each case.
Microsomal membrane vesicles prepared in the presence of 1 mM MgCl2 were treated with trypsin or Triton plus trypsin (Fig.  4) . Treatment of the vesicles with trypsin alone inactivated 75 to 80% of the Cyt c reductase and 60 to 65% of the GlcNActransferase activities within 30 min, but only 10 to 30% of the Glc-and Man-transferase activities. A brief pretreatment of the vesicles with Triton X-100 had no effect upon the extent of inactivation of Cyt c reductase or the GlcNAc-transferase, but substantially increased the proportions of Glc-and Man-transferases that were inactivated. 
DISCUSSION
The pH optima and kinetic characteristics of the maize endosperm glycosyltransferases were similar to those described for these enzymes from other plant sources (11, 18, 19, 30) . The antibiotic tunicamycin, which resembles a transition-state reaction intermediate, inhibits the first enzyme of the dolichol pathway blocking the formation of GlcNAc-PP-dolichol (19) . Low concentrations of tunicamycin inhibited maize endosperm UDPGLcNAc:dolichol-P GlcNAc-1-P transferase. Higher concentrations (40 ,tg/ml) also inhibited the transfer of Man and Glc from GDP-Man and UDP-Glc to chloroform:methanol soluble products. Our observations are similar to some of those by Elbein et al. (7) , but are in contrast to those of Ericson et al. (10) and others of Elbein et al. (7) , who reported that tunicamycin at 5 to 500 u.g/ml had no effect on the synthesis of mannosyl-P-dolichol. The basis of tunicamycin inhibition of the maize Man-and Glc-transferase activities is unknown.
In mammalian systems, the rate at which new lipid-linked oligosaccharides are synthesized is proportional to the rate at which preassembled oligosaccharide chains are transferred to protein (16) . It has been suggested that the availability of dol-P for lipid-linked oligosaccharide synthesis could be rate-limiting (15) . Lipid-linked oligosaccharides are assembled from lipid-linked intermediates in a sequential manner starting with the synthesis of GlcNAc-PP-dolichol. Reactions Topography of the maize endosperm microsomal glycosyltransferases. Rough microsomal vesicles prepared from maize endosperm cultures were incubated on ice with 30 ,ug trypsin mg microsomal protein-'. At the indicated times a 10-fold excess of soybean trypsin inhibitor was added to aliquots of the reaction mixtures which were then assayed for enzyme activity. Zero-time enzyme activities were: NADH Cyt c reductase, 1.8 ,tmol min-mg protein-1; GlcNAc-. Man-, and Glc-transferases, 0.2, 0.7, and 0.3 ,tmol hr-I mg protein-1, respectively. reactions leading to the formation of GlcNAc-PP-dolichol for the limited amount of dolichol-P. Recently, Kaushal and Elbein (19) have reported that GDP-Man and UDP-Glc inhibited the GlcNAc-1-P transferase from membrane preparations of cultured soybean cells. Increased amounts of dolichol-P in the assay mixture relieved these inhibitions, indicating that the competition for dolichol-P by the Man-and Glc-transferases inhibited the GlcNAc-1-P transferase. If, however, the transferases are subject to product inhibition in vivo, as indicated by the results presented in Table I , then the competition for dolichol-P might be less important.
Most of the glycolipids produced in the glycosyltransferase reactions were labile to mild acid hydrolysis, indicating attachment of the carbohydrate to an a-saturated polyprenol (30) . An exception was approximately 75% of the Glc-transferase reaction products. Typically, most of the Glc that is transferred from UDP-Glc to lipid-acceptors in plants is transferred to sterols (9) . The carbohydrate-sterol linkage is stable to mild acid hydrolysis (30) . Microsomal membrane preparations contain a large proportion of the total sterols found in maize tissue (20) , suggesting that the product of the Glc-transferase reaction found in the organic phase after mild acid hydrolysis might be steryl glucosids. (6, 29) , mung beans (22) , and castor oil seeds (25) . Likewise, in mammalian cells and yeast the enzymes of the dolichol cycle and N-glycosylation are located in the ER (15, 32) . A low level of Glc-transferase activity coincident with the Golgi apparatus marker IDPase was observed when gradient fractions were assayed in the absence of exogenous dolichol-P and in the presence of EDTA. This activity probably represents UDPGlc:sterol Glc-transferase. In other plant systems the glycosyltransferases involved in sterol-glycoside and polysaccharide biosynthesis were located within the Golgi apparatus (1, 6) .
The classical methods of Dallner (5) and several more recent variants, including rate-zonal sedimentation, rate-zonal sedimentation in discontinuous Ficoll gradients, and flotation in linear and discontinuous sucrose gradients, were used in attempts to fractionate total maize ER membranes into rough (ribosomestudded) and smooth vesicles. Despite evaluating a variety of markers, we were unable to obtain more than a twofold enrichment in any of the rough-ER preparations (data not presented). There was a similar enrichment in the activities of the glycosyltransferase, but we feel that the results were too equivocal for a definitive fine localization. It should be noted, however, that similar results by others (14) have been interpreted as demonstration of an exclusively rough-ER localization.
Treatments intended to remove adsorbed, peripheral, and cisternal membrane protein from the maize endosperm microsomal membrane preparations did not solubilize the GlcNAc-, Man-, or Glc-transferase activities. However solubilization of glycosyltransferase activities was achieved with low concenrations of Triton X-100. These observations indicate that the glycosyltransferases are integral membrane proteins.
The topographical orientation of the glycosyltransferases was investigated by treating intact and detergent-disrupted microsomal vesicles with trypsin. Under conditions where membrane integrity was maintained, trypsin treatment resulted in a reduction in the activities of NADH:Cyt c reductase and GlcNActransferase. Permeabilization of the vesicles with Triton did not give any increase in protease sensitivity. Mammalian Cyt c reductase is an integral membrane protein with the active site facing the cytosol. Based upon our results, it appears that this is also the case for the maize endosperm reductase. The protease sensitivity of the GlcNAc-transferase is similar to that of Cyt c reductase, suggesting that this enzyme is also oriented with the active site facing the cytosol. This conclusion is in agreement with that of Snider et al. (33) for the GlcNAc-transferase from mammalian microsomal membranes. Activity of Man-transferase, and to a lesser extent Glc-transferase, was resistant to trypsin inactivation in the absence of detergent. The protease sensitivity of the Man-transferase was greatly increased by membrane disruption while that of the Glc-transferase was only slightly increased. These results are consistent with the proposal that the active sites of the Man-and Glc-transferase face the lumen of the ER. Similar results were obtained when pepsin or subtilisin was used rather than trypsin.
Overall, our observations concerning the protease sensitivity of the maize endosperm glycosyltransferases agree with the proposal that the Man3 5GlcNAc2-PP-dolichol oligosaccharides face the cytosol whereas the Glc, 3Man6 9GlcNAc2-PP-dolichol oligosaccharides face the lumen of the ER during assembly in vivo (reviewed in Ref. 21 ). Maize endosperm glycosyltransferases are integral membrane proteins localized in the endoplasmic reticulum. This cellular localization of the enzymes that assemble lipid-linked intermediates used to build the oligosaccharide side chains of glycoproteins is consistent with reports that glycosylation occurs on nascent polypeptides in the lumen of the rough-ER (21, 24, 32) .
Maize endosperm microsomal preparations contain more than one enzyme that transfers Glc from UDP-Glc to chloroform:methanol soluble products. This interfering activity may be UDP-Glc:sterol Glc-transferase. Kinetic characterization of the Glc-transferase that synthesizes Glc-phosphoryl-dolichol was complicated by the presence of the interfering enzyme(s). Partial purification and characterization of the UDP-Glc:dolichol-P Glctransferase is in progress and will be the topic of a future communication.
